The supersonic ejector-diffuser system was widely used in many industrial applications. Recently, it is also being used as one of the most important components of the solar seawater desalination facility. That is because this system has many advantages over other fluid machinery like no moving parts and no direct mechanical energy input. The system makes use of high-speed primary stream to entrain the secondary stream through pure shear action for the purposes of transport or compression of fluid. However, the optimization of the ejector-diffuser system and its optimal operation condition are hardly known due to the complicated turbulent mixing, compressibility effects and even flow unsteadiness which are generated inside the ejector-diffuser system. Much effort has devoted to the performance improvement of the system since it bears relatively very low efficiency. The optimization of the ejector-diffuser system and its performance improvement are of practical importance in industrial field. In the present study, a Chevron nozzle was applied to activate the shear actions between the primary and secondary streams, by means of longitudinal vortices generated from the Chevron. A CFD method has been applied to simulate the ejector-diffuser flow field. The present CFD results were validated with existing experimental data. The operation characteristics of the ejector system were compared between Chevron nozzle and conventional convergent nozzle for the primary stream. The ejector-diffuser system performance is discussed in terms of the entrainment ratio, ejector efficiency, pressure recovery as well as total pressure loss.
Introduction
A supersonic ejector-diffuser system makes use of high pressure primary stream to propel the secondary stream through pure shear action for the purposes of transport or compression of fluid. Indeed, it can be used in many complex progresses as a compressor, a fluid transport component or a vacuum pump [1, 2, 3] . Along the development of solar industry, the ejector application in solar refrigeration and solar desalination was growing rapidly. At the same time, the ejector-diffuser system was increasingly considered as the most important equipment in these energy industries [4] .
In the ejector itself, the primary stream with high pressure and high speed flowed out from the supersonic nozzle exit. Secondary stream was entrained by the primary stream and mixed up in the mixing chamber. At the end of the mixing chamber, two streams were completely mixed and the pressure was assumed to be constant until they reached the diffuser section [5, 6] . Complicated turbulent mixing, compressibility effects and even flow unsteadiness are like big obstacles restrict the studies on the ejector. Many researching works have been done to increase the performance of the ejector, but results were still unsatisfactory, compared with other industrial machineries [4] . Considering the complexity and difficulty on the researching, how to enhance the performance of ejector effectively became a significant task.
In the past decades, many researchers have done many significant works based on ejector geometry, nozzle design, and fluid selection. Aphornratana and Eames [7] performed an experiment to study refrigerator using a small scale steam ejector and a supersonic nozzle. Similar experiments have also been performed by [1, 6] based on nozzle design. Ouzzane and Aidoun [8] invented a new mathematical model of the ejector-diffuser; and the detailed structure was analyzed using 1-Dimensional compressible flow analysis. At the same time, a series of experimental works have been carried out to study the effect of ejector performance, especially in the effect of working fluids. In the present works, the modeling technique based on numerical software has been widely used to investigate the flow factors inside the ejector. Bartosiewicz et al. [9] compared static pressure distribution between experimental results and numerical simulation in different turbulence models. Many recent studies [9, 10] showed that computational results were expected to provide a reasonable cost and a visual display of local flow filed.
Researchers got a lot of good results based on geometrical optimization, but the study of internal structure has got little attention [11] . In the Texas A&M University, a researching team put forward an optimal method with a mixing guide vane installed at the inlet of ejector [12] . A productive experimental work of this ejector has been made by Manohar [13] , and Somsak W. [14, 15] has finished the basic computational analysis in his doctoral dissertation. The geometrical model they were used was widely applied in the solar desalination industrial. The schematic of supersonic ejector-diffuser system in a solar desalination circulation was illustrated in the Fig. 1 . In the solar desalination process, the ejector-diffuser system can be used in reducing the pressure of evaporator and propelling incondensable gas into the condenser. From their experimental and numerical results, the mass flow rate of secondary stream was decreased under the negative influence of guide vanes.
In the present work, a new kind of nozzle with Chevrons was installed inside the supersonic ejector-diffuser system which has been used in the Manohar and Somsak's work [13, 14, 15] . The comparative illustration of supersonic nozzle modification was shown in the Fig.1 . New design was based on a convergent nozzle using a new base line to make the position of the Chevrons. Typical Chevron nozzles were illustrated in 3D graphics as showed in the Fig.3 . Actually, the nozzle with Chevrons was widely used in the aerospace science and aircraft engine, because it has many advantages such as jet noise reduction, infrared signature control and improvement of conventional converging-diverging nozzle or convergent nozzle [16] . Gregory A. Blaisdell also observes that the nozzle features were improved as a result of installing the Chevrons [17] . In this paper, a numerical method based on Fluent has been applied to simulate supersonic flows and shock waves of the ejector internal flow. Exactly same geometrical model was created to validate the results of experimental data. The Chevron nozzle effects were compared with conventional convergent nozzle refers to the performance of ejector-diffuser system. Optimal Chevrons number was obtained after compare the effects on the ejector-diffuser system. 
Numerical analysis

Computational flow model
As a mixing chamber, two different types were widely used in the solar desalination process: constant mixing chamber area and constant pressure mixing. In this paper, the ejector with a constant mixing area chamber was used, which can be deemed to achieve a higher entrainment ratio [13] . The ejector-diffuser system was shown schematically in the Fig. 4 . A three-dimensional symmetric model was applied in the present works. The diameters of supersonic nozzle (D 1 ), secondary stream inlet (D 2 ), mixing section (D M ) and ejector exit (D E ) were kept constant as the values shown in Table 1 . At the same time, length of mixing chamber (L M ) and diffuser (L D ) were also fixed. Fig. 5 represents the half geometrical model of the nozzle with 10 Chevrons. While r represents the radius of the primary inlet tunnel, and r N is the radius of convergent nozzle and also the base line position of Chevrons. Pointed shape makes the nozzle converge to a radius of r C . In this figure, 10 Chevrons were distributed averagely outside the previous nozzle exit. For 6 Chevrons, the values of r C , r and r N are exactly same to the 10 Chevrons model, only the Chevrons number is different. Fig.4 . Schematics of the supersonic ejector-diffuser system. 
Numerical method
For the CFD software, ANSYS Fluent 14.0 was chosen to simulate internal flows of ejector. Ideal gas was used as the working fluid in all cases. A finite volume scheme and density-based solver with coupled scheme were applied in the computational process. SST k-turbulent model, implicit formulations were used considering the accuracy and stability.
Second-order upwind scheme was used for turbulent kinetic energy as well as spatial discretizations. Boundary layer effects were considered by making finer grid densely clustered close to the walls. The first (coarse) grid with y+ of about 4.6 has 156,527 cells. The second (medium) grid set has 232,325 cells with a y+ of about 2.7. The third (fine) set grid is generated using the same minimum space as the second set has 345,235 cells. The difference between CFD analysis and experimental results was less than 4%. Hence, the grid independence was also checked. The computational domain with 232,325 cells was chosen because of its less computational time and more accurate result. Pressure inlet boundary condition was set at primary stream inlet of the ejector. The secondary inlet and outlet of ejector were extended to stabilize the computational results. Pressure outlet boundary conditions with 1 bar were used at both secondary inlet and outlet of the ejector. Therefore, the secondary stream inlet and ejector exit were taken from ambient conditions of an atmospheric pressure.
The total pressure at nozzle exit (P t ) and static pressure (P s ) can be calculated isentropically to give the Mach number. Related initial values can be calculated in these equations:
Mass flow rate ( ) is so important to compare with the experimental data. As one of the indispensable values to describe the ejector-diffuser system performance, the entrainment ratio (Rm) is also obtained from mass flow rate. Entrainment ratio is a ratio between the mass flow rate of secondary flow ( 2 ) and primary flow ( 1 ). The calculation method of these values can be represented by the following equations:
Pressure recovery ( P) can be defined as the difference between static pressure at the secondary stream inlet (P s2 ) and static pressure at the outlet of ejector-diffuser system (P se ). Sometimes, the pressure recovery coefficient ( P/P d ) will be used as a non-dimensional value to describe it.
Results and discussion
Nozzle flow field comparison
The results from CFD analysis were discussed in detail in this section. Chevrons effects were compared with convergent nozzle based on the data obtained from these figures below. Fig. 6 and 7 present the axial distribution of Mach number and temperature around the nozzle exit extent. With a same primary inlet pressure of about 10bar, the nozzle with Chevrons restricts shock development and makes the shock system weaker after the first big shock. Furthermore, the shock strengthen was decreased under the Chevrons effect. Even though the Chevrons shock strengthen and type are totally different from the convergent nozzle, the nozzle with 10 Chevrons and 6 Chevrons obtain similar results in the axial distribution of Mach number and temperature. Actually, what the first result revealed can be explained as a result of Chevron installation. Under the Chevrons influence, more longitudinal vortices were generated and the nozzle involve more secondary stream into the ejector. The mixing process was enhanced and more energy transfer between two streams would happen. That's why the shock wave became weak compare to the model with convergent nozzle. An interesting phenomenon is the Mach number distribution become smoother after the first strong shock using the Chevron nozzle. More energy was saving and more flows would be entrained. 
Ejector performance
From the previous section, the nozzle effects were discussed in sight of turbulent mixing and compressibility effects. The Chevron effects on ejector performance will be discussed in this section. Fig. 8 and 9 are the ejector performance comparisons between three nozzles, discussed in terms of entrainment ratio and mass flow rate of the nozzle exit. Firstly, the CFD result of convergent nozzle entrainment ratio was compared with experimental data [13] in the Fig.8 . According to agreement with experimental results, CFD analysis was validated among these 5 operating conditions.
For the most important coefficient, the entrainment ratio plays a really important role in the performance analysis. Fig. 8 shows that the entrainment ratio was enhanced at least 14.8% under the influence of 10 Chevrons. For 6 Chevrons model, the entrainment ratio was also enhanced, but lowers than the 10 Chevrons model. Better effects on ejector-diffuser were obtained under the Chevrons effects. This analysis was another result of the Chevron effects on internal flow, which has been discussed in 3.1section. Generally speaking, a nozzle with Chevrons can involve more flow vortexes and more vertical flow was introduced into the stream. Therefore, rotary stream passed through the mixing chamber and introduced more shear stress to propel the secondary stream into the ejector-diffuser system, which effectively enhanced the performance of the ejector-diffuser system.
Mass flow rate comparison at nozzle exit using three nozzles was illustrated in the Fig. 9 . The mass flow rates of nozzle exit were compared among three nozzles. Under the same pressure condition, the nozzle with Chevrons gets a lower flow at the nozzle exit. That is the result of the installation of Chevrons outside the nozzle, more friction and resistance will be involved. Under the same pressures at the inlet, the effects of the ejector were improved obviously, but the comparisons based on same mass flow rate are also important. Pressure recovery is another indispensable value to study the ejectordiffuser system performance. The pressure recovery comparison between three nozzles was shown in the Fig. 10 with same mass flow rates. From this figure, higher pressure recovery was obtained under the 10 Chevrons effects, which means the secondary stream pressure was elevated to a higher level. The model with 6 Chevrons has no influence on the pressure recovery, and pressure coefficient even decreased at some low mass flow rate cases. Similar analysis can be summarized following the section 3.1 explanation. Under the Chevron nozzle influence, the pressure recovery was increased 8.5% in average, and get a maximum value of 18.9 when it get the mass flow rate of 0.01 kg/s. 
Conclusion
In the present paper, a computational method was carried to simulate the internal flow of an ejector-diffuser system. The Chevron nozzle effects on the performance of the ejector were investigated. Numerical results were confirmed by previous experimental data. The numerical simulation results with and without Chevron nozzle have been compared. In the numerical analysis, the Chevron nozzle influence on shock system was obviously obtained. More longitudinal vortices were generated which involved more secondary stream. As the result of the updated model, the model with 10 Chevrons nozzle shows the better results: entrainment ratio was improved 14.8% in average, and the maximum 21.8%. At the same time, pressure recovery was increased 8.5% in average.
Further work is going on to optimize the supersonic ejector-diffuser system with Chevrons.
